The O antigen (Oag) component of Shigella flexneri lipopolysaccharide (LPS) is important for virulence and a protective antigen. It is synthesized by the Wzy-dependent mechanism. S. flexneri Wzy has 12 transmembrane segments and two large periplasmic loops. The modal chain length of the Oag is determined by Wzz. Experimental evidence supports multi-protein interactions in the Wzy-dependent pathway. However, evidence for direct interaction of Wzy with the other proteins of the Wzy-dependent pathway is limited. Initially, we purified Wzy-GFP-His 8 and detected the presence of a dimeric form. In vivo cross-linking was then performed in an S. flexneri wzy mutant strain carrying plasmids encoding Wzy-GFP-His 8 and untagged Wzz. Following solubilization with n-dodecyl-b-D-maltopyranoside (DDM) and affinity purification of Wzy-GFP-His 8 , Western immunoblotting with Wzz antibody detected copurification of Wzz; this was supported by MS analysis. To the best of our knowledge, this is the first reported isolation of a complex between Wzy and Wzz. Wzy mutants (WzyR164A, WzyV92M, WzyY137H, and WzyR250K) whose properties are affected by Wzz were able to form complexes with Wzz. Their mutational alterations did not affect the interaction of Wzy with Wzz. Thus, the interaction may involve many regions of Wzy.
INTRODUCTION
The lipopolysaccharide (LPS) of Shigella flexneri plays an important role in the pathogenesis of the bacteria (Jennison & Verma, 2004) . LPS is composed of three domains: (1) lipid A, the hydrophobic anchor of the LPS; (2) core oligosaccharides, a non-repeating oligosaccharide domain; and (3) O antigen (Oag) chains, an oligosaccharide repeat domain. Oag tetrasaccharide repeat units (RUs) are linked to the lipid A via the core (Raetz & Whitfield, 2002) .
Oag is the most variable domain, serotype determinant and also the protective antigen of the bacteria (Jennison & Verma, 2004; Stagg et al., 2009; Sun et al., 2013) . S. flexneri Oag is synthesized by the Wzy-dependent pathway (Allison & Verma, 2000; Morona et al., 1995) . Oag biosynthesis starts by the transfer of N-acetylglucosamine phosphate (GlcNAc-1-P) from an UDP-GlcNAc to undecaprenol phosphate at the cytoplasmic side of the inner membrane by WecA (Guo et al., 2008; Liu et al., 1996; Wang et al., 2010) . The rhamnosyltransferases RfbG and RfbF then add sequential rhamnose residues to the GlcNAc to form the RU (Morona et al., 1994) . The flippase protein Wzx translocates the RU to the periplasmic side where the RUs are polymerized by Wzy to form the Oag. The Oag chain length is determined by Wzz, a polysaccharide copolymerase (PCP) type 1 protein (Daniels & Morona, 1999; Morona et al., 1995 Morona et al., , 2009 . Finally, the ligase WaaL ligates Oag chains to the core-lipid A to form LPS. The Lpt proteins (LptA-G) transport LPS from the inner membrane to the outer membrane (Ruiz et al., 2008; Sperandeo et al., 2009 ).
The S. flexneri Oag polymerase protein Wzy Sf (referred to hereafter as Wzy) is a 43.7 kDa hydrophobic integral membrane protein. It has 12 transmembrane segments and two large periplasmic domains (Daniels et al., 1998; Morona et al., 1994) . In S. flexneri 2a, Wzy activity is affected by two types of Wzz: chromosomally encoded Wzz Sf (referred to hereafter as Wzz) and pHS-2 plasmid-encoded Wzz pHS2 (Papadopoulos & Morona, 2010; Purins et al., 2008) . This results in LPS with two types of Oag modal chain lengths: the predominant short type (11-17 Oag RUs) determined by Wzz and the minor very long type (w90 Oag RUs) determined by Wzz pHS2 . The short type Oag chains are responsible for IcsA-mediated actin-based motility and affect virulence (Van Den Bosch et al., 1997) , and the very long type Oag chains are responsible for resistance to complement (Hong & Payne, 1997) . Wzz and Wzz pHS2 compete for the available Wzy (Carter et al., 2009) .
Recent research supports the presence of multi-protein interactions in the Wzy-dependent pathway (Marczak et al., 2013 (Marczak et al., , 2014 Marolda et al., 2006) . Woodward et al. (2010) purified Escherichia coli O86 (Wzy Ec ) and showed using an in vitro assay that Wzz and Wzy are sufficient to determine the Oag modal chain length. Daniels & Morona (1999) showed that Wzz forms a dimer in vivo and may oligomerize up to a hexamer. Tocilj et al. (2008) found PCP oligomers in the crystal structures, and suggested that Wzz may form a scaffold and recruit Wzy. Marolda et al. (2006) provided genetic data supporting the interaction of Wzx, Wzz, and Wzy in the Oag biosynthesis pathway, but Carter et al. (2009) failed to detect a physical interaction between Wzy and Wzz. Marczak et al. (2013) showed by using a bacterial two-hybrid system that the Rhizobium leguminosarum PssP, which is a PCP, interacts with PssL and PssT, which are Wzx and Wzy proteins, respectively. Recently, they again showed that the PssP2 protein, which is also a PCP, interacts with PssT using a bacterial two-hybrid system (Marczak et al., 2014) . However, to date there is a lack of evidence on the interaction of Wzy with other proteins of the Wzy-dependent Oag biosynthesis pathway using more direct approaches.
In this study, our aim was to detect the interaction of Wzy and Wzz by use of chemical cross-linking of intact cells, and purification of tagged Wzy. To the best of our knowledge, our Western immunoblotting and MS data support the first isolation of a Wzy and Wzz complex. Hetero-oligomeric complex formation between Wzy mutants whose properties are Wzz-dependent and Wzz were then investigated by cross-linking. The data indicated that these Wzy mutants could be cross-linked to Wzz; however, there was no consistent correlation with an effect on Wzy mutant properties.
METHODS
Ethics statement. The Wzz antibody was produced under the National Health and Medical Research Council Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, and was approved by the University of Adelaide Animal Ethics Committee.
Bacterial strains, growth media and growth conditions. The strains used in this study are shown in Table 1 .
The growth media used were LB broth (10 g tryptone l
21
, 5 g yeast extract l 21 , 5 g NaCl l 21 ), and LB agar (LB broth, 15 g Bacto agar l
).
Strains to be induced were initially grown in LB broth with aeration for 18 h at 37 uC. Cultures were then diluted 1/20 into fresh LB broth and grown to mid-exponential phase (OD 600 0.4-0.6). To suppress Wzy-GFP-His 8 expression, growth medium was supplemented with 0.2% (w/v) glucose where required. Cells were collected by centrifugation (Beckman Coulter Avanti J-26XP centrifuge; 9600 g, 8 min, 4 uC) and washed twice with LB broth to remove glucose. To induce protein expression either 0.4 mM IPTG or 0.2% (w/v) L-arabinose was added to the cultures, and they were grown for 20 h at 20 uC. Strain PNRM271 did not require induction and was grown in LB broth with aeration for 18 h at 37 uC. Antibiotics were added as required to the media at the following final concentrations: kanamycin, 50 mg ml 21 ; chloramphenicol, 25 mg ml
; ampicillin, 100 mg ml 21 .
Plasmids and DNA methods. The plasmids used in this study are shown in Table 1 . Plasmid constructs were prepared from E. coli DH5a strains using a QIAprep Spin Miniprep kit (Qiagen). Preparation of electrocompetent cells and the electroporation method were described previously . In vivo protein cross-linking. In vivo cross-linking with dithiobis(succinimidyl propionate) (DSP) was performed as described by Daniels & Morona (1999) Isolation of Wzy from S. flexneri strains. Following DSP crosslinking, sonication, and isolation of WM as above, the WM fraction was solubilized in 1 ml 1| solubilization buffer, but with 0.5 M NaCl, 20 mM imidazole, 4% (w/v) DDM and 10% (v/v) glycerol. After separating the unsolubilized material as above, the soluble material was then incubated with 200 ml Ni-NTA resin (Qiagen) preequilibrated with equilibration buffer, but with 500 mM NaCl and 20 mM imidazole. The Ni-NTA resin was washed with wash buffers with 500 mM NaCl and different imidazole concentrations (20, 30, 50, and 80 mM) . Finally, the proteins were eluted from the resin with 200 ml elution buffer, but with 500 mM NaCl.
SDS-PAGE and Western blotting. Purified proteins samples were mixed 1:1 with 2| sample buffer (Lugtenberg et al., 1975 ) without b-mercaptoethanol and heated for 5 min at 37 uC prior to electrophoresis on SDS-15% (w/v) polyacrylamide gels at 200 V for 1 h. Protein gels were either stained with Coomassie R-250, or subjected to Western immunoblotting on nitrocellulose membranes with either rabbit polyclonal Wzz (Daniels & Morona, 1999) at 1:750 dilution or mouse monoclonal His 6 antibodies (Genscript) at 1:50000 dilution in 2.5% (w/v) skim milk. Goat anti-rabbit horseradish peroxidase conjugate or a goat anti-mouse horseradish peroxidase conjugate (KPL) was used as secondary antibody. Blots were developed using chemiluminescence reagents (Sigma) as described by the manufacturer (Tran et al., 2014) . A BenchMark protein ladder (Invitrogen) was used as molecular mass standard.
In-gel fluorescence. In-gel fluorescence was performed as described previously by Nath et al. . The samples were then heated for 5 min at 37 uC prior to electrophoresis on SDS-15% (w/v) polyacrylamide gels and BenchMark Fluorescent Protein Standard (Invitrogen) was used as a molecular mass standard. Gels were rinsed with distilled water and fluorescent imaging of the gel was performed to detect Wzy-GFP-His 8 protein expression with a BioRad Gel Doc XR+ System using Image Lab software (excitation at 485 nm and emission at 512 nm).
Liquid chromatography-electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). LC-ESI-MS/MS was performed at the Adelaide Proteomics Centre. Protein samples were electrophoresed on 4-12% (w/v) SDS-polyacrylamide gels (Invitrogen) followed by staining with Brilliant Blue G (Sigma). Novex sharp unstained protein standard (Thermo Fisher Scientific) was used as molecular mass standard. Regions and bands of interest were excised and destained with 100 mM NH 4 HCO 3 in 30% (v/v) acetonitrile. Samples were then washed with 50 mM NH 4 HCO 3 , reduced with 0.5 mmol DTT in 50 mM NH 4 HCO 3 , and alkylated with 2.75 mmol iodoacetamide in 100 mM NH 4 HCO 3 followed by digestion with 100 ng trypsin (Promega) in 5 mM NH 4 HCO 3 in 10% (v/v) acetonitrile. Resulting peptides were extracted using three washes of 1% (v/v) formic acid in water, 1% (v/v) formic acid in 50% (v/v) acetonitrile, and 100% (v/v) acetonitrile, respectively. The volumes of the resulting peptide extracts were reduced by vacuum centrifugation to *1 ml and resuspended with 0.1% (v/v) formic acid in 2% (v/v) acetonitrile to a total volume of 10 ml prior to LC-ESI-MS/MS analysis. LC-ESI-MS/MS was performed using an Ultimate 3000 nano-flow system (Dionex) coupled to an Impact II QTOFmass spectrometer (Bruker Daltonics) via an Advance CaptiveSpray source (Bruker Daltonics). Post acquisition, acquired spectra were subjected to peak detection and de-convolution using Compass Data Analysis for OTOF (version 1.7; Bruker Daltonics). Processed MS/ MS spectra were then exported to Mascot generic format and submitted to Mascot (version 2.3.02) for identification. 
RESULTS

Purification of Wzy-GFP-His 8 from Lemo21(DE3)
Several studies provided evidence for complex formation between proteins of the Wzy-dependent Oag biosynthesis pathway, and previously we identified an association of Wzz and Wzy by finding Wzy mutants whose properties were Wzz-dependent . Prior to performing experiments to investigate the interaction of Wzy and Wzz in S. flexneri, we initially optimized the purification of Wzy-GFP-His 8 from the Lemo21(DE3) strain carrying pRMPN1 (denoted as PNRM15) as described in Methods. The purified protein from PNRM15 was separated on an SDS-15% (w/v) polyacrylamide gel followed by Coomassie blue staining and in-gel fluorescence. Both the Coomassie blue-stained gel and in-gel fluorescence image showed a band at *64 kDa corresponding to the monomer of Wzy-GFP-His 8 (Fig. 1a, b , lane 1). The Coomassie bluestained gel and in-gel fluorescence image also showed a band with an apparent molecular mass of *115 kDa (Fig. 1a , b, lane 1), which is potentially a Wzy-GFP-His 8 dimer. The yield of purified Wzy-GFP-His 8 was 1 mg ml 21 and the purified protein was *90% pure.
Detection of complex formation between Wzy and Wzz by Western immunoblotting
After establishing a method to purify a high level of Wzy-GFP-His 8 , we modified this method for S. flexneri by using different detergent, salt, and imidazole concentrations, and a different Ni-NTA resin, to investigate the potential interaction in S. flexneri of Wzy and Wzz by in vivo chemical cross-linking with DSP, which reacts with the lysine residues and is a fixed-arm-length (12 Å ), mercaptoethanol cleavable cross-linking reagent (see Methods).
The S. flexneri strains used for this cross-linking study were: (1) PNRM159, which is a wzy mutant (Dwzy) strain with plasmids pRMPN1 (encodes Wzy-GFP-His 8 ) and pWSK29-wzz (encodes untagged Wzz) (Murray et al., 2006) ; (2) PNRM134, which is a wzy and wzz double-mutant (Dwzy Dwzz) strain with plasmid pRMPN1; and (3) PNRM271, which is a wzy mutant strain with plasmid pWSK29-wzz. After in vivo cross-linking and affinity purification, samples were analysed by SDS-PAGE, Western immunoblotting, and in-gel fluorescence (see Methods). The protein sample from crosslinked PNRM159 (Dwzy + Wzz+Wzy-GFP-His 8 ) cells when subjected to Western immunoblotting with antiWzz showed bands ranging from *82 to above *180 kDa (Fig. 2a, lane 2) . However, there was no detectable band in the equivalent regions for the protein sample from the non-cross-linked PNRM159 cells (Fig. 2a, lane 1 ). There were no detectable bands for the protein samples from non-cross-linked and cross-linked PNRM134 (Dwzy Dwzz + Wzy-GFP-His 8 ) cells (Fig. 2a, lanes 3 and 4) . Furthermore, the protein samples from non-cross-linked and cross-linked PNRM271 (Dwzy + Wzz) cells also had no detectable bands in the region *82 to *180 kDa (Fig. 2a, lanes 5 and 6) . The presence of bands ranging from *82 to above *180 kDa in protein sample from the cross-linked PNRM159 cells (Fig. 2a, lane 2) suggested that a Wzy and Wzz complex could only be detected when DSP cross-linking was performed, and when both Wzy and Wzz were present.
Western immunoblotting of protein samples from the cross-linked PNRM159 and PNRM134 cells with anti-His to detect Wzy-GFP-His 8 detected bands ranging from *64 to above *180 kDa (Fig. 2b, lanes 2 and 4) . The bands for the protein sample from the cross-linked PNRM134 cells (Fig. 2b, lane 4) were absent for the same sample probed with anti-Wzz (Fig. 2a, lane 4) . The bands ranging from *82 to above *180 kDa for the protein sample from the cross-linked PNRM159 cells detected with anti-Wzz (Fig. 2a , lane 2) were also detected with anti-His (Fig. 2b, lane 2) . The band at *64 kDa in Fig.  2(b, lanes 1 and 3) is the Wzy-GFP-His 8 monomer, as seen for the positive control (purified Wzy-GFP-His 8 from PNRM15) (Fig. 2b, lane 7 and Fig. 1, lane 1) . The band at *115 kDa in Fig. 2(b, lanes 1 and 3) is likely to be a Wzy-GFP-His 8 dimer, as seen for the positive control (purified Wzy-GFP-His 8 from PNRM15) (Fig. 2b , lane 7 and Fig. 1, lane 1) . As expected, the protein samples from non-cross-linked and cross-linked PNRM271 cells had no detectable bands when probed with anti-His (Fig. 2b , lanes 5 and 6). In-gel fluorescence band profiles were similar to that detected in the anti-His Western blot (Fig. 2c) .
MS analysis of protein samples following DSP cross-linking
Our Western immunoblotting detected the oligomer formation between Wzy and Wzz, and MS analysis was performed on the protein bands to confirm this observation. For MS analysis, in vivo cross-linking with DSP of the S. flexneri strains PNRM159 (Dwzy + Wzz+Wzy-GFP-His 8 ), PNRM134 (Dwzy Dwzz + Wzy-GFP-His 8 ), and PNRM271 (Dwzy + Wzz) was performed followed by purification of Wzy-GFP-His 8 by affinity chromatography (a mock purification was performed for the control strain PNRM271). The protein samples were then separated on SDS-4-12% gels followed by Coomassie blue staining. The bands and regions of interest were excised from the Coomassie bluestained gels for MS analysis (see Methods).
A section of the gel equivalent to the region (*82 to above *180 kDa) we detected above in the protein samples from the cross-linked PNRM159 cells (Fig. 2a, lane 2) was excised from the Coomassie blue-stained gel (region 2 of Fig. 3b, lane 2) , and after MS analysis the presence of peptides from Wzy and Wzz was detected (Table 2) . However, the equivalent region of the protein samples from the noncross-linked PNRM159 cells (region 1 of Fig. 3b, lane 1) had peptides from Wzy, but no peptides from Wzz were detected (Table 2 ). The equivalent regions of the protein samples from the non-cross-linked and cross-linked PNRM134 cells (region 3 of Fig. 3b , lane 3 and region 4 of Fig. 3b , lane 4) had peptides from Wzy, but no Wzz peptides were detected ( Table 2) . As expected, the equivalent regions of the protein samples from the non-cross-linked and cross-linked PNRM271 cells (region 5 of Fig. 3b , lane 5 and region 6 of Fig. 3b, lane 6) had only a few non-relevant peptides (data not shown).
MS identification was carried out on the band corresponding to the monomeric Wzy (Fig. 1, lane 1 and Fig. 2b, lanes  1, 3 and 7) . The Wzy-GFP-His 8 migrated as a triplet at *50 kDa in the SDS-4-12% gels and was denoted as region 8 (Fig. 3b, lane 1) . MS analysis of region 8 detected Wzy as the predominant protein ( Table 2 ). The *115 kDa band (Fig. 1, lane 1 and Fig. 2b, lanes 1, 3 and 7) proposed to be a Wzy-GFP-His 8 dimer migrated as a doublet at *90 kDa in the SDS-4-12% gels and was denoted as region 7 (Fig. 3b, lane 1) . MS analysis of region 7 also detected Wzy as the predominant protein (Table 2) . No Wzz peptides were detected in these bands. Hence, the MS analysis confirmed the result observed by Western immunoblotting and in-gel fluorescence.
It is important to mention that in the bands excised above from protein samples obtained from cross-linked and noncross-linked S. flexneri strains expressing Wzy-GFP-His 8 (PNRM159 and PNRM134), no other protein known to be involved in Wzy-dependent Oag biosynthesis was detected by MS analysis.
Analysis of the Wzy mutants with Wzz-dependent properties
Previously, we identified a number of Wzz-dependent Wzy mutants . These Wzy mutants had either partial or null polymerization activity and their activity or expression was altered by the presence or absence of Wzz. The Wzy mutants that expressed mutant Wzy-GFP-His 8 at a level comparable with the wild type (WT) Wzy-GFP-His 8 in the positive control strain (PNRM13) were selected for in vivo crosslinking assay. Plasmid pWSK29-wzz was transformed into PNRM6 (Dwzy) with pWaldo-TEV-GFP plasmids encoding WzyR164A-GFP-His 8 , WzyV92M-GFP-His 8 , WzyY137H-GFP-His 8 , and WzyR250K-GFP-His 8 (Table 1 ). In vivo cross-linking was then performed followed by purification of mutant Wzy-GFP-His 8 (see Methods). The proteins were analysed by SDS-PAGE followed by Western immunoblotting with Wzz antibody. The protein samples of the cross-linked Wzy mutants showed bands from *82 to above *180 kDa (Fig. 4, lanes 3 , 5, 7, and 9) similar to the protein samples from cross-linked PNRM159 (Dwzy + Wzz+Wzy-GFPHis 8 ) cells (Fig. 4, lane 1 ). There were no detectable bands for the protein samples from the non-cross-linked mutant Wzy strains (Fig. 4, lanes 4, 6, 8, and 10) . Hence, all Wzy mutants could be cross-linked to Wzz. 
DISCUSSION
The Wzy-dependent pathway is one of the most widely distributed polysaccharide biosynthesis pathways in nature. Oag is one of the important virulence determinants for a number of bacteria, including S. flexneri. S. flexneri Oag polymerization protein Wzy was identified w20 years ago (Morona et al., 1994) , but its low expression and detectability (Daniels et al., 1998) impeded its purification and characterization. Recently, we were able to identify functional amino acid residues of Wzy , but further understanding of Wzy and its interaction with other Oag biosynthesis proteins requires a method to purify and isolate Wzy. In this work, we were consistently able to purify high levels of S. flexneri Wzy protein. Multi-protein complex formation amongst the proteins of the Wzy-dependent Oag biosynthesis pathway has been suggested for a long time (Marolda et al., 2006; Whitfield, 2006 Whitfield, , 2010 Woodward et al., 2010) . Here, to the best of our knowledge, for the first time we were able to isolate a complex between Wzz and Wzy, and found that the Wzy mutants with Wzz-dependent properties can also form complexes with Wzz following chemical cross-linking.
Wzy is a membrane-spanning protein and in common with many membrane proteins this made purification of Wzy difficult. Woodward et al. (2010) were able to purify a Wzy protein, Wzy Ec , for the first time. They detected a band (36 kDa) corresponding to the Wzy Ec monomer and they also detected a band at a higher molecular mass (58 kDa) which they proposed to be the dimer of Wzy Ec . GFGSFILDR  PL5  VFSCEIFIK  CL2  NVDLATFLFGR  PL5  LLEPLGIFPLR  PL1  FNDLYFYYK  PL5  IEIVPLEILQK  PL5  LRIEIVPLEILQK  PL5  SEDSDSVRFNDLYFYYK  PL5  8  No Wzz peptide  GFGSFILDR  PL5  NVDLATFLFGR  PL5  LLEPLGIFPLR  PL1  FNDLYFYYK  PL5  IEIVPLEILQK  PL5  LRIEIVPLEILQK  PL5  SEDSDSVRFNDLYFYYK  PL5 We were able to obtain a high yield of *90% pure monomeric Wzy-GFP-His 8 which migrated as a band at *64 kDa (Fig. 1a, b, lane 1) . Previously, Daniels et al. (1998) showed by Western immunoblotting using antiPhoA serum that Wzy::PhoA fusion protein was able to form a dimer. Our purified protein also showed a band at *115 kDa (Fig. 1a, b , lane 1) which we proposed was the dimer of Wzy. Both the monomeric and proposed dimeric forms of Wzy showed positive signals in the anti-His Western blot (Fig. 2b, lane 7) . The MS analysis for this proposed dimeric Wzy confirmed the prevalence of Wzy peptides. Thus, Wzy may form dimers, but further experiments are required to confirm that the *115 kDa band is actually a Wzy-GFP-His 8 dimer and not an aggregate. In vivo correlation of the dimeric form with the polymerization activity is as yet unknown.
In a previous study to detect Wzy and Wzz complex, Carter et al. (2009) inserted a 3|FLAG tag at the 39 end of the chromosomal wzy and wzz, resulting in cells expressing C-terminal 3|FLAG fusion Wzy and Wzz proteins. Then they performed in vivo cross-linking with DSP and disuccinimidyl glutarate followed by sonication to obtain WM fractions. The WM fractions were separated on 4-12% Tris/glycine gels and then probed by Western immunoblotting followed by infrared imaging to detect the protein complex. However, they were unable to detect any interaction between Wzy and Wzz, and they suggested that Wzy and Wzz may not physically interact (Carter et al., 2009) . Wzy is expressed at a very low level in S. flexneri. Thus, the detection of the interaction of this protein with the other proteins of the Wzy-dependent pathway may be difficult. In our study, we used a high level of Wzy and Wzz. The MS analysis of the *82 to *180 kDa bands detected peptides for Wzy and Wzz (region 2, Fig. 3b , lane 2) (Table 2) , and hence supported the detection of Wzy and Wzz complex formation by Western immunoblotting.
Our MS analysis of the *82 to *180 kDa region of the gel (region 2 of Fig. 3b , lane 2) detected peptides of Wzy and Wzz, but we were unable to detect peptides from the other proteins of the Wzy-dependent Oag biosynthesis pathway. Furthermore, except for one peptide, the Wzy peptides we detected were from the periplasmic regions of Wzy (Table 2 ) (see Fig. S1 , available in the online Supplementary Material). Thus, the standard trypsin digestion and associated methods used for MS analysis (see Methods) may be limited in their ability to detect the membranespanning proteins of the Wzy-dependent Oag biosynthesis pathway.
Previously, we found that Wzy needs Wzz both for its activity and expression level/stability, and we identified a number of Wzy mutants where either the polymerization activity or the expression of these mutants was influenced by Wzz. These Wzy mutants had partial or null polymerization activity . Many of these Wzz-dependent Wzy mutants had a very low level of expression. Hence, purification of these mutant proteins was not possible. We selected some of these Wzy mutants with a better expression level and assessed their ability to form complexes with Wzz. Following DSP cross-linking, all the mutants formed complexes with Wzz similar to the control (Fig. 4) . Hence, no correlation between complex formation and Wzz dependence could be detected for these Wzy mutants. Wzy interaction may involve many regions of Wzy and single point mutations may not be enough to interrupt the interactions.
To the best of our knowledge, this study for the first time provides direct evidence of complex formation between Wzy and Wzz, proteins of the Wzy-dependent Oag biosynthesis pathway. The molecular details regarding the interaction of these proteins still need to be determined, including the nature of the interaction sites and how this contributes to Oag biosynthesis. This study provides the foundation to investigate this interaction.
